With the evolution of ion-selective ionophore-based liquid/polymer membrane electrodes (ISEs) over the past 25 years, many cations of physiological and industrial significance can be measured effectively by direct potentiometry. However, there is a noticeable lack of analogous electrodes for many common anions. 1 Although commercial electrodes based on anionexchangers such as quaternary ammonium salts can be analytically useful, their selectivity patterns are always correlated solely with anion lipophilicity, resulting in the classical Hofmeister series (ClO 4 ->SCN -> salicyl a t e
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Although commercial electrodes based on anionexchangers such as quaternary ammonium salts can be analytically useful, their selectivity patterns are always correlated solely with anion lipophilicity, resulting in the classical Hofmeister series (ClO 4 ->SCN -> salicyl a t e -> I -> N O 3 -> B r -> N O 2 -> C l -> H C O 3 -> F -) . 2 Therefore, highly hydrated anions such as fluoride, bicarbonate, chloride, and nitrite are difficult to monitor due to significant interference from more lipophilic anion species that may be present in the sample. Recently, examination of a variety of compounds that have strong yet reversible interactions with target anions has resulted in new ionophores with decidedly non-Hofmeister selectivity toward anions. 3, 4 Many research groups are studying a wide variety of new ionophores that demonstrate these characteristics such as mercury 5 , silver 6 , and tin 7 organometallic compounds, fluorinated (poly)ethers 8 , metallophthalocyanines 9 , metallocenes 10 , and trifluoroacetyl derivatives. 11 The pioneering work of Simon et al., in which the behavior of lipophilic vitamin B 12 derivatives as ionophores was examined, led to one of the first nitrite selective liquid/polymer membrane electrodes. 12 Metalloporphyrins, which are one carbon larger but structurally analogous to the cobyrinate ring of vitamin B 12 , also exhibit unique anion ionophore properties when incorporated into plasticized polymer membranes. Mn(III) [13] [14] [15] [16] [17] [18] [19] [20] , Co(III) 13, 16, [21] [22] [23] [24] [25] [26] , Ru(II) 16 , and Sn(IV) 25, [27] [28] [29] porphyrin-based ISEs have been shown to exhibit useful selectivity for thiocyanate, nitrite/thiocyanate, thiocyanate, and salicylate, respectively. More recently, the nature of the ionophore-anion interaction mechanism has been correlated to the charge of the central metal ion. 25 Metal(II) porphyrins were found to serve as neutral carriers, metal(IV) as charged carriers and metal(III) porphyrins as either neutral or charged depending on the existance and number of bound axial ligands. The use of lipophilic ionic additives, either cationic (quaternary ammonium salts for neutral carriers) or anionic (tetraphenylborate salts for charged carriers) can help to determine the dominant mechanism within the polymer membrane responsible for EMF response. 30 These ionic sites have also been found to improve general electrode performance by reducing the membrane resistance, decreasing counter-ion interference, and enhancing selectivity. 25, [30] [31] [32] In this work, porphyrins containing group XIII ions as metal centers are examined as unique ionophores in the preparation of anion ISEs. Electrodes based on indium(III) porphyrins in poly(vinyl chloride) (PVC) membranes have been shown previously to exhibit enhanced responses toward chloride 33, 34 and were fur-ther determined to function as a charged carrier within the membrane. 25 However, the gallium(III) and thallium(III) porphyrins have, to date, not been examined as possible ionophores in ISEs. It will be established that gallium(III) porphyrin-based ISEs exhibit dramatically enhanced interactions with fluoride ion, while membranes containing thallium(III) porphyrins yield a general increase in selectivity for chloride over many other lipohilic anions. Both new ionophores serve as charged carriers with optimal response and selectivity observed only when lipophilic anionic sites are added to the membrane.
Experimental

Reagents
The ionophores chloro (2,3,7,8,12,13,17,18- 
ISE membrane formulation and EMF measurements
Membranes employed in ISEs consisted of 1 wt% metalloporphyrin and various amounts of ionic additives (TDMA + or TFPB -) in 66 wt% o-NPOE and 33 wt% PVC. Disks were cut out of the parent membrane and mounted into Philips electrode bodies (ISE-561, Glasblaserei Moller, Zurich). Electrochemical potentials were measured with the following galvanic cell: Ag/AgCl/bridge electrolyte/sample solution/ion-selective membrane/inner filling solution/AgCl/Ag. The bridge electrolyte of the double-junction reference electrode (Ingold, Wilmington, MA) was 0.1 M KNO 3 . Inner filling solutions for all electrodes were 0.01 M NaCl, which was also used to condition the ISEs prior to use. EMF values were measured at ambient temperature (~22˚C) via a Macintosh IIcx computer with a NB-MIO-6X analog/digital input/output board (National Instruments, Austin, TX) and an electrode interface module (World Precision Instruments, Sarasota, FL) controlled by custom programmed LabView 2 software (National Instruments) as previously described. 35 Selectivity coefficients were calculated by the separate solution method using 0.01 M sodium salts solutions in 0.05 M 4-morpholinoethanesulfonic acid (MES) buffer, adjusted to pH 5.5 with NaOH. However, coefficients towards bicarbonate only were measured in 0.05 M 4-(2-hydroxyethyl)-1-piperazinepropanesulfonic acid (EPPS) buffer adjusted to pH 8.5 with NaOH.
Results and Discussion
In this work, the ability of gallium(III), indium(III), or thallium(III) porphyrins to serve as anionic ionophores in polymeric membranes ISEs is investigated. The porphyrins, either octaethyl (OEP) or tetraphenyl (TPP) derivatives (see Fig. 1 for structures) , strongly bind and coordinate the central metal ion by the pyrrolic nitrogens of the porphyrin ring. Consequently, the metal ion interacts with small anions by axial ligation reactions, yielding metal-specific anion selectivity patterns that vary only slightly with changes of the porphyrin periphery (OEP vs. TPP) and the initial fifth ligand of the metalloporphyrin. 14, 28, 33 The selectivity coefficients for Ga(III) [ 30 , the selectivity of charged carriers can be described as a combination of lipophilicity of the anions and relative strengths of interaction between the ionophore and the anions (see Eq. (1)):
where log k pot X,Y is the selectivity coefficient, k X and k Y the single ion distribution coefficients (proportional to hydration energies), and β XL and β YL the stability constants between the charged ionophore L + and the primary (X -) or interfering (Y -) anions. However, with the addition of cationic sites, the selectivity reverts back to the Hofmeister series as the lipophilicity term of Eq.(1) dominates the response mechanism (see Eq. (2)):
Other measurements by potentiometry and calorimetry have shown that gallium(III) metal ions bind strongly to fluoride 37, 38 and it is concluded that this Ga(III)-Finteraction is responsible for the improvement in Fselectivity observed with membranes doped with Ga(III)[OEP]Cl. Corresponding Ga(III)[TPP]Cl-based ISEs exhibit similar selectivity patterns (data not shown). Interestingly, membrane electrodes doped with aluminum(III) (another group XIII metal) porphyrins manifested only a slight preference toward fluoride. 34 The typical dynamic response curve for a membrane electrode consisting of Ga(III)[OEP]Cl/PVC/o-NPOE toward fluoride is illustrated in Fig. 3 39 This non-theoretical behavior has been observed previously with Sn(IV) and In(III) porphyrinbased ISEs 25, [27] [28] [29] 33 , and the cause of this response is currently the subject of fundamental studies in this laboratory. 40 A mixed-mode mechanism due to multiple ionophore-anion interactions may explain the increased slopes. 40 With the addition of anionic sites (21 mol% TFPB -) to membranes doped with Ga(III)[OEP]Cl, EMF slopes toward fluoride (see Fig. 4 ) are further enhanced (-70 to -80 mV/dec). These same ISEs exhibit sub-Nernstian response to the anions bromide, chloride, and nitrate beginning at 1 mM (see Fig. 4 ) in a pattern that mirrors their measured selectivity. The gallium(III) porphyrin-based ISEs demonstrate pH sensitivity which results in a Nernstian slope toward hydrox-81 ANALYTICAL SCIENCES FEBRUARY 1998, VOL. 14 ide and requires the use of buffered solutions to determine selectivity coefficients in order to minimize any shifts in pH caused by the test anions. Thus, the fluoride detection limit of membranes doped with Ga (III)[OEP]Cl improves considerably in acidic buffers (e.g., detection limit of 5 mM at pH 7.4 and 32 µM at pH 4.5).
In contrast, electrodes doped with the indium(III) porphyrins have markedly different selectivity and response characteristics. As shown in Fig. 5 25, 33 , In[OEP]Cl/PVC/o-NPOE membrane electrodes also exhibit super-Nernstian calibration curves toward chloride. The addition of ionic sites accompanies changes in the selectivity pattern that are indicative of a charged carrier mechanism. 25 Although possessing the largest ionic radius of all of the group XIII metals, the thallium(III) ion easily incorporates into porphyrin structures. Polymeric membranes doped with these metalloporphyrins respond potentiometrically to anions. As shown in Fig. 6 in selectivity. Moreover, weak binding between the charged thallium(III) porphyrin and many of the other anions tested also contributes (via a decrease in the β YL term) to the observed selectivity patterns. The experimental findings confirm that a charged carrier mechanism is prevalent. Sample pH also influences the electrode performance of thallium(III) porphyrin-doped membranes. For a Tl(III)[TPP]Cl-based ISE without added sites, the effect of variable pH is minimal (-10 mV/pH unit). In contrast, membranes with 14 mol% anionic sites added have theoretical slopes toward hydroxide from pH 2 to 6 but this dependence diminishes in neutral and basic pH (-13 mV/pH unit from pH 6 to 12). The response times of Tl(III) porphyrin-based electrode are similar to ISEs with Ga[OEP]Cl as the ionophore. Electrode lifetimes for the metalloporphyrin-doped ISEs studied are approximately one month when stored continuously in a dilute sodium chloride solution.
In summary, it has been shown that the group XIII metalloporphyrins, while quite similar in electronic configuration, exhibit different potentiometric anion response characteristics when incorporated into PVC membranes. Via the separate additions of ionic sites, the metalloporphyrins tested were determined to serve as charged carrier type ionophores for anions. The gallium(III) porphyrins display the largest selectivity in liquid/polymer membrane electrodes for fluoride over chloride, which may provide an alternative for fluoride detection. While the classical Orion fluoride ISE, based on a single crystal of lanthanum fluoride, is still the preferred method to determine fluoride concentration, with further improvements in F -selectivity via changes in porphyrin structures, gallium(III) porphyrinbased ISEs could offer practical advantages in more specialized applications such as modifiable-detectors of enzyme-linked immunoassay (ELISA) techniques 41 , optical sensors 42 , or microfabricated sensor arrays. Membrane electrodes doped with thallium(III) porphyrins provide increased selectivity for chloride when compared to indium(III) counterparts and also exhibit near-Nernstian responses when anionic sites are added to the membrane formulation. Possibilities for these ISEs include industrial or clinical measurements of chloride in complex samples. In clinical applications, thallium(III) porphyrin-based ISEs would offer reduced interferences from salicylate and thiocyanate in blood 43 , as compared to chloride sensors based on classical anion-exchangers or other metalloporphyrins. Fundamental experiments to elucidate the source of the super-Nernstian behavior found with the gallium(III) and indium(III) porphyrin-based ISEs are currently in progress along with studies of other group XIII metal complexes as anion ionophores in membrane electrodes.
